Aims. The work is aimed at a study of the circumstellar disk of the bright classical binary Be star π Aqr. Methods. We analysed variations of a double-peaked profile of the H α emission line in the spectrum of π Aqr that was observed in many phases during ∼ 40 orbital cycles in 2004-2013. We applied the Discrete Fourier Transform (DFT) method to search for periodicity in the peak intensity (V/R) ratio. Doppler tomography was used to study the structure of the disk around the primary. Results. The dominant frequency in the power spectrum of the H α V/R ratio is 0.011873 day −1 that correspond to a period of 84.2(2) days and is in agreement with the earlier determined orbital period of the system, P orb = 84.1 days. The V/R ratio shows a sinusoidal variation phase-locked with the orbital period. Doppler maps of all our spectra show a non-uniform structure of the disk around the primary: a ring with the inner and outer radii at V in ≈ 450 km s −1 and V out ≈ 200 km s −1 , respectively, along with an extended stable region (spot) at V x ≈ 225 km s −1 and V y ≈ 100 km s −1 . The disk radius of ≈ 65R ⊙ = 0.33 AU was estimated assuming Keplerian motion of a particle on a circular orbit at the disk outer edge.
Introduction
Classical Be stars are fast-rotating non-supergiant B-type stars with Balmer emission lines in their spectra. The emission lines are recombination lines that occur in a geometrically thin, equatorial, circumstellar disk, according to a model first proposed by Struve (1931) . The model has been modified and further developed by many authors and recently confirmed by direct interferometric observations (Quirrenbach et al. 1997; Gies et al. 2007; Carciofi et al. 2009; Grzenia et al. 2013) . The disk may entirely disappear and re-appear unpredictably. The intensity of the emission lines varies on a time scale of days to decades. It is widely accepted that the origin of the variability is caused by processes occurring in the circumstellar disk and non-radial pulsations of the B-star photosphere (Porter & Rivinius 2003) . Typically the dominant feature in the Be star spectra is an asymmetric double-peaked H α emission line.
Many Be stars exhibit variations in the ratio of the blue (violet) and red emission peaks (V/R variations) of the Balmer emission lines on a time scale of a few years. V/R variations may be due to the evolution of a one-armed spiral density pattern and/or binary effects (Kato 1983; Okazaki 1991 Okazaki , 1997 . The main observational properties of the V/R variations and theoretical suggestions were summarized in Mennickent et al. (1997) . The most complete compilation of Be stars showing the V/R variations contains 62 objects (Okazaki 1997) . Eleven of them were known to be binaries at the time. The time scale of the V/R variations is typically much longer than rotational periods of the star or the disk and does not correlate with orbital periods of the binaries. However, some binary systems, ϕ Per (Bozic et al. 1995; Gies et al. 1998 ), V696 Mon (Peters 1972) , 4 Her (Harmanec et al. 1976; Koubsky et al. 1997) , V744 Her (Doazan et al. 1982) , κ Dra (Juza et al. 1991) , ǫ Cap (Rivinius et al. 1999 ) and FY CMa (Rivinius et al. 2004) present an exception from the rule. For example, in the case of 4 Her, the V/R variations are orbital phase-locked and coherent over more than 80 cycles (Štefl et al. 2007 ).
π Aqr (HR 8539, HD 212571) is a bright, rapidly rotating (υ sin i ≈ 300km s −1 ) classical Be star with a variable mass loss. Analyzing its H α line profiles and photospheric absorption during a diskless phase in 1996 -2001 , Bjorkman et al. (2002 suggested that π Aqr is a binary system with an orbital period of P orb = 84.1 days. The system consists of two stars with masses M 1 sin 3 i = 12.4M ⊙ and M 2 sin 3 i = 2.0M ⊙ . The orbit is viewed at an inclination angle of 50
• − 75
• . The components mass ratio and separation are M 2 /M 1 = 0.16 and a = 0.96 sin −1 i AU, respectively. Using the evolutionary tracks from Schaerer et al. (1993) , the effective temperature T 1 e f f = 24000 ± 1000 of the primary component, and its luminosity log(L bol /L ⊙ ) = 4.1 ± 0.3, (Bjorkman et al. 2002) estimated the primary's mass to be M 1 = 11 ± 1.5M⊙. We further address this issue in Sect. 4.1.
Variability of the Balmer line profiles of π Aqr, which appeared double-peaked most of the time, has been reported by McLaughlin (1962) and Pollmann (2012) . McLaughlin (1962) observed strong V/R variations ranging from 0.5 to 4.0, and several periods of absence of bright emission lines (1936-1937, 1944-1945, 1950) . Based on the π Aqr spectra obtained between October 2004 and August 2011 together with the available spectra of the data base BeSS 1 , Pollmann (2012) found a dominant frequency in the power spectrum of the V/R ratio that corresponded to a period of 83.8 ±0.8 days. This value coincides within the errors with the above mentioned orbital period of the system.
In this paper we attempt a new period analysis of the V/R variations in the H α line profile of π Aqr based on spectroscopic observations obtained over ∼40 orbital cycles of the system in 2004-2013. The disk structure of π Aqr was probed using the Doppler tomography method. In Sect.2 we describe our observations, in Sect.3 period analysis of the H α line profile variation is presented. The Doppler tomography of the system and modelling of the circumstellar disk are presented in Sect.4.2, and the results and conclusion are presented and discussed in Sect. 5. Variation of V/R ratio of the H α during reported observation.The amateur and professional data are marked by grey circles and black squares, respectively. 
Observations and data reduction
The object is continuously observed by both professionals and amateurs since its binarity was revealed. For this study we used spectra obtained by both communities. In particular, 36 spectra were obtained in 2004-2006 with the 1.0 m telescope of the Ritter Observatory of the University of Toledo (Toledo, OH, USA) using a fiber-fed échelle spectrograph with a Wright Instruments Ltd. CCD camera. The spectra consisted of nine nonoverlapping orders ∼ 70 Å in the range 5285-6597 Å with a spectral resolving power R ≃ 26000. Twelve spectra were obtained between October 2011-October 2013 at the 0.81 m telescope of the Three College Observatory (near Greensboro, NC, USA) using a fiber-fed échelle spectrograph manufactured by Shelyak Instruments with a SBIG ST-7XMEI (2011 -2012 or an ATIK-460EX (2013) CCD camera. The spectra cover a range 4600-7200 Å with a R ≃ 10000. These data were reduced with IRAF 2 . The contribution of the amateur community to the campaign involved 17 observers from Germany, France, Spain, Mexico, Switzerland, and the USA. They used 0.2 m to 0.4 m telescopes with a long-slit (in most cases) and échelle spectrographs with a range of R = 10000-22000. In total, 238 spectra were obtained between September 2004 and October 2013. Data reduction was performed using MaxIm-DL 3.06 (Diffraction Limited, Sehgal Corporation) for Pollmann's data, while data from other amateurs were reduced with software packages developed for amateur spectrographs, such as SpcAudace 3 , Audela 4 , VSpec 5 , and IRIS3 6 . Spectral line parameters were measured with the spectral classification software package MK32 7 . No systematic difference in the V/R ratios or the H α line equivalent widths (hereafter EW H α ) were found between the professional and amateur data (see Fig. 2 & 3) . We showed earlier that radial velocity data from both communities also agree very well (Miroshnichenko et al. 2013) . The dates of observations, the source, and results of the V/R and EW measurements are presented in Table 1 , which is available in the online version.
Variability of the H α line
As noted above, the H α line profile of π Aqr is double-peaked and strongly variable. Examples of the H α line profile for two epochs of observations are shown in Figure 1 . We measured the V/R ratio (defined as V/R = I V /I R ) in the H α emission line using peak intensities of the V and R components which were separately fitted with a single gaussian. The values of the V/R ratio vary in the range of 0.8 − 1.4 (Fig. 2) and do not correlate with EW H α (Fig. 3) . The latter ranges between 1.0 and 11.0 Å and shows no periodicity. We refer to the spectra with a stronger H α line (EW H α ≥ 4.8Å) as to a "high state" and to those with a weaker H α line as to a "low state" for the following analysis. The Discrete Fourier Transform (DFT) method 8 was used to search for periodicity in the V/R variation during our observations. The dominant frequency in the power spectrum is 0.011873±0.00028 day −1 corresponds to a period of 84.2 ± 0.2 days that is in agreement with the system orbital period of P orb = 84.1 days found by Bjorkman et al. (2002) . The resulting power spectrum and the V/R ratio folded with the dominant frequency are presented in Figure 4 . Therefore, we conclude that the V/R variations in π Aqr are locked with the orbital period, at least on a time scale of ≈ 3400 days or 40 orbital cycles. The shape of the V/R variation curve is sinusoidal.
Doppler tomography and Disk model.

System parameters
There is an apparent discrepancy between the dynamical and the evolutionary mass of the primary component that was outlined. This problem was not resolved by Bjorkman et al. (2002) , therefore we reanalyzed below system parameters of the π Aqr binary.
We calculated an absolute magnitude of M V = −2.96 (Miroshnichenko 1997) , one gets a luminosity of log L/L ⊙ = 4.02 ± 0.24 for the larger distance and log L/L ⊙ = 3.72 ± 0.08 for the smaller one. These luminosities correspond to initial masses of 10.5 M ⊙ and 9.5 M ⊙ , respectively, on the most recent evolutionary tracks with rotation by Ekström et al. (2012) . Both these values are noticeably lower than the primary's dynamical mass M 1 sin 3 i = 12.4M ⊙ from Bjorkman et al. (2002) . Since the radial velocity curves of both companions were well-established over the entire diskless period, the dynamical mass seems to be more reliable than the evolutionary mass. As seen in Fig.5 (left panel), the primary's mass ranges within 12.5-17.0 M ⊙ for the most probable orbital inclination of i = 65−85
• (Bjorkman et al. 2002) . This mass range requires a higher luminosity of the system (see Fig.5 , right panel). Comparison with the evolutionary models by Ekström et al. (2012) also shows that the primary component with T 1 e f f = 24000K in π Aqr has evolved out of the main-sequence if its mass exceeds ∼15 M ⊙ .
As Be stars are considered to be main-sequence objects (e.g., Frémat et al. 2006) , we therefore adopt a mass of 14.0±1.0 M ⊙ for the primary. This constrains its luminosity at log L/L ⊙ = 4.7 ± 0.1, which in turn leads to M V = −4.64 ± 0.25 mag and a distance of 740±90 pc. A separate study of stars near the object's line of sight (which is beyond the scope of this paper) is needed to verify this result. Nevertheless, the mass adjustment will only change the circumstellar disk scale, but not the qualitative results of our modelling. In Table 2 we present a summary of adopted parameters of the π Aqr binary system. Ekström et al. (2012) . Initial masses are indicated by numbers at the corresponding track. Filled circles show the positions based on the luminosity calculated using the two HIPPARCOS distances (see text), the diamond shows data from Hohle et al. (2010) , and the filled square shows parameters adopted here. 
Doppler tomography
The H α line profiles of π Aqr were recorded at many orbital phases of the system over ∼40 orbital cycles. Our finding that the V/R variations are locked with the orbital period suggests that the H α line profile variability could be caused by a complex structure in the circumstellar disk. We used Doppler tomography (Marsh & Horne 1988) to study the structure of the disk around primary in π Aqr. The Doppler maps were built by combining time-resolved spectra using the maximum entropy method as implemented by Spruit (1998) 9 . Figure 6 shows phased time series spectra around the H α line and corresponding Doppler maps of all spectra (top raw, left panel), "low" (bottom raw, left panel) and "high" (bot-9 http://www.mpa-garching.mpg.de/∼henk/pub/dopmap tom raw, right panel) states, and a difference between each spectrum in a "high" and the average spectrum in the "low" state (top raw, right panel). The orbital period of P orb = 84.1 days, the primary mass of M 1 = 14.0 M ⊙ , and the mass ratio q = 0.16 (Table 2 ) are used to overlay positions of the stellar components on the Doppler maps. The inclination angle i = 70
• is arbitrarily chosen based on the discussion in Sect. 4.1. φ orb = 0.0 corresponds to the inferior conjunction of the secondary. The location of the main components in the system, such as the position of the centre of mass, the primary, the secondary, and the Roche lobe of the secondary star, are indicated.
The Doppler maps of all spectra show a non-uniform structure of the disk around the primary: a ring with the inner and outer radii at V in ≈ 450 km s −1 and V out ≈ 200 km s −1 , respectively, together with an extended stable region (spot) at V x ≈ 225 km s −1 and V y ≈ 100 km s −1 . We note that EW H α is a function of the total flux and surface brightness distribution of the disk. The "spot" is brighter and more extended in the "High" state compared to the "Low"" state. However, the brightness of the extended region is significantly lower than the total disk brightness and corresponds to an S-wave that can be seen only in "High-Low" trailed spectra. The disk radius of ≈ 65R ⊙ = 0.33 AU was estimated assuming Keplerian motion of a particle in a circular orbit at the disk outer edge. Based on the results of the Doppler tomography, a geometrical model of the π Aqr system is presented in Figure 7 .
Discussion and Conclusion
In this paper we attempted a new period analysis of the V/R variations in the H α line profile of π Aqr and probe the primary's circumstellar disk structure based on spectroscopic observations obtained over multiple orbital cycles of the system. The main conclusions of our analysis are: -The primary star has a mass of M 1 = 14 ± 0.1M ⊙ and a radius of 13.0 ± 1.4R ⊙ . The latter is nearly twice as Article number, page 4 of 11 S. Zharikov, A. Miroshnichenko, et al.: Doppler tomography of the circumstellar disk of π Aqr. Table 2 .
large as that of a ZAMS star with the same mass. The system orbit most likely has an inclination angle in the range of 65
• − 85
• .
-The V/R variations for the H α line of π Aqr show a sinusoidal behaviour with a period that coincides with the orbital period of the system. Therefore, based on the results of Bjorkman et al. (2002) , Pollmann (2012) , and the analysis presented here, we propose to include π Aqr in the list of Be binaries that show orbital phase-locked V/R variations. The V/R variations reported here were coherent over ∼40 cycles.
-There is an S-wave in the H α phased time series spectra, and the Doppler tomograms demonstrate a corresponding bright extended spot within the circumstellar disk. The radius of the circumstellar disk around the primary component is ∼ 65R ⊙ . The spot is located in the outer part of the disk that faces the secondary. The position of the spot in the disk is stable, but its relative brightness correlates with the EW H α value. In general, the structure of the spot looks like a one-armed spiral density pattern. However, there is a faint hint of the second arm at the opposite side of the disk. The brightest part of the spot begins at ≈ −90
• from the major axis of the system and continues to ∼ 120
• counterclockwise with decreasing intensity (Figures 6 and 7) .
Long-term V/R variations in Be stars are well explained by a model of global one-armed oscillations in the equatorial disk first proposed by Kato (1983) and developed by Okazaki (1991 Okazaki ( , 1997 . In this model the one-armed perturbation slowly (on a time scale of ∼ 10 years) precesses in the opposite direction to the semi-Keplerian motion as a result of pressure forces in the disk. If we take into account deviation from a 1/r point potential, this leads to a slowly revolving prograde oscillation mode also with a very long time scale semi-periods (Papaloizou et al. 1992) . The following studies include other effects, although the number of free parameters and their large range lead to a low predictive power of these models (Fiřt & Harmanec 2006) . A significant number of Be stars are binary systems (Porter & Rivinius 2003; Oudmaijer & Parr 2010; Miroshnichenko 2011) . Nevertheless, in the current models, the oscillation period weakly depends on the orbital parameters. For example, Oktariani & Okazaki (2009) found that the oscillation period increases with increasing binary separation and/or decreasing binary mass ratio. However, two well-established examples of orbital phase-locked systems 4 Her and π Aqr have relatively large separations and small mass ratios of 0.06-0.016 (Koubsky et al. 1997 ) and 0.165 (Bjorkman et al. 2002) , respectively. Therefore, we must emphasize that, in fact, a number of Be systems exist with phase-locked V/R variations. Unfortunately, no explanation currently exists for this phenomenon within the framework of the one-armed oscillation model. It is likely that careful accounting of tidal or/and heating effects from the secondary on the structure of a circumstellar disk can improve the situation.
There are also a number of Be + sdO binaries, such as 59 Cyg Peters et al. 2013) , FY CMa (Štefl et al. 2005; Peters et al. 2008 ) and φ Per (Gies et al. 1993; Štefl et al. 2000) ), in which the V/R variations are also locked with the orbital period. The orbital period locked emission in these systems is more likely originated in the outer parts of the Be star disk facing the secondary that are directly heated by a low mass (log M/M ⊙ from ∼ −0.1 to ∼ 0.1), hot (log T eff ∼ 4.7) subdwarf (sdO) companion (Peters et al. 2013, see Table 5 ). Most sdO/sdB stars have masses between 0.40 M ⊙ and 0.55 M ⊙ , but some of them may be as massive as ∼ 1.1M ⊙ (Zhang et al. 2010) . Although the effective temperature of the secondary component in π Aqr is unknown, its mass M 2 can not be lower than 2 M ⊙ ( Figure 5, left panel) . Therefore, it is unlikely to be an sdO or sdB star. Bjorkman et al. (2002) suggest that the secondary component in π Aqr is probably an A-or F-type main-sequence star, since only signs of the primary component are seen in the UV spectrum. Nevertheless, the latter does not exclude that the mechanism of phase-locked V/R variations in π Aqr can be similar or the same (some tidal and heating effects on the structure of the circumstellar disk caused by the secondary) as that discussed above for Be + sdO binaries.
In any case, it is very important to continue observing π Aqr and other phase-locked systems spectroscopically, photometrically, and interferometrically to search for more clues to them nature. Finally, the data, presented in this paper, manifest a further increasing role of the amateur spectroscopy in stellar astrophysics (cf., Miroshnichenko et al. 2013 ).
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